25 Timely perception of adverse environmental changes is critical for survival. Dynamic 26 changes in gases are important cues for plants to sense environmental perturbations, such 27 as submergence. In Arabidopsis thaliana, changes in oxygen and nitric oxide (NO) control 28 the stability of ERFVII transcription factors. ERFVII proteolysis is regulated by the N-29 degron pathway and mediates adaptation to flooding-induced hypoxia. However, how 30 plants detect and transduce early submergence signals remains elusive. Here we show that 31 plants can rapidly detect submergence through passive ethylene entrapment and use this 32 signal to pre-adapt to impending hypoxia. Ethylene can enhance ERFVII stability prior to 33 hypoxia by increasing the NO-scavenger PHYTOGLOBIN1. This ethylene-mediated NO 34 depletion and consequent ERFVII accumulation pre-adapts plants to survive subsequent 35 hypoxia. Our results reveal the biological link between three gaseous signals for the 36 regulation of flooding survival and identifies novel regulatory targets for early stress 37 perception that could be pivotal for developing flood-tolerant crops. 38 39 42 cellular oxygen (O 2 ) deprivation (hypoxia) and survival strongly depends on molecular responses 43 that enhance hypoxia tolerance 2,3 . In submerged plant tissues the limited gas diffusion causes 44 passive ethylene accumulation. This rapid ethylene build-up can occur prior to the onset of 45 severe hypoxia, making it a timely and reliable signal for submergence 4,5 . In several plant 46 species, ethylene regulates adaptive responses to flooding involving morphological and 47
Introduction 40
The increasing frequency of floods due to climate change 1 has devastating effects on agricultural 41 productivity worldwide 2 . Due to restricted gas diffusion underwater, flooded plants experience Ethylene-mediated NO depletion is regulated by PHYTOGLOBIN1 190 The question remained how ethylene regulates NO levels under normoxia. NO metabolism in 191 Arabidopsis is mainly regulated by NO biosynthesis via NITRATE REDUCTASE (NR)-192 dependent nitrite reduction and NO-scavenging by three non-symbiotic phytoglobins (PGBs) 29-193 31 . Ethylene led to small increases in NR1 and NR2 mRNA levels, but this did not influence total 194 NR activity ( Supplementary Figure 8a Fig. 4a-b ). In pgb1-1, PGB1 transcript levels were reduced, and ethylene did not increase PGB1 204 transcript or protein abundance, whereas hypoxia only affected transcript abundance slightly 205 ( Fig. 4a-b) . A faint band of lower molecular weight than expected for PGB1 (18 kDa) was 206 observed in some pgb1-1 samples, but did show any clear treatment effect (Fig 4b) . Together 207 these data illustrate that the T-DNA insertion in the promoter of pgb1-1 uncouples PGB1 208 expression from ethylene regulation. Conversely, a 35S:PGB1 line had constitutively elevated 209 PGB1 transcript and protein levels 31 ). Importantly, both pgb1-1 and 35S:PGB1 210 showed mostly similar ethylene responses in abundance of perception (ETR2) and biosynthesis 211 (ACO1) transcripts compared to wild-type during normoxia (Supplementary Figure 10) , 212 indicating that ethylene biosynthesis and signalling are unlikely to be affected.
213
The ethylene-mediated NO decline observed in wild-type root tips was fully abolished in pgb1-1, 214 demonstrating the requirement of PGB1 induction for local NO removal upon ethylene exposure 215 ( Fig. 4c-d ). Moreover, lack of NO removal by ethylene in pgb1 resulted in the inability to 216 stabilize RAP2.3 levels and reduced hypoxia survival ( Fig. 4e-f ). These effects could be rescued 217 by restoration of NO-scavenging capacity using cPTIO ( Fig. 4f ). In addition, the reduced 218 ethylene-induced hypoxia tolerance in pgb1-1 was also accompanied by an absence of enhanced 219 hypoxia adaptive gene expression after an ethylene pre-treatment (Supplementary Figure 10 ). In 10 contrast, 35S:PGB1 showed constitutively low NO levels in root tips (Fig. 4c, d, 31 ) , and 221 increased RAP2.3 stability under normoxia ( Fig. 4e ). Moreover, ectopic PGB1 over-expression 222 enhanced hypoxia tolerance without an ethylene pre-treatment, but this effect was abolished by (SALK_058388) were obtained from the Arabidopsis Biological Resource Center and the 274 molecular characterization of this line is described in Fig. 4a-b and Supplementary Figure 9 . 275 Other germlines used in this study were kindly provided by the following individuals: Ler-0, 1hre2-1 (SALK_039484 + SALK_052858) mutants were described previously 12, 14, 41 . Barley 283 seeds were obtained from Flakkebjerg Research Center Seed Stock (Aarhus University).
284
Additional mutant combinations used in this study were generated by crossing, and all lines were 285 confirmed by either conventional genotyping PCRs and/or antibiotic resistance selection (Primer 286 and additional info in Table S1 ).
288
Growth conditions adult rosettes: Arabidopsis seeds were placed on potting soil (Primasta) in 289 medium sized pots and stratified at 4ºC in the dark for at least 3 days. Pots were then transferred 290 to a growth chamber for germination under short day conditions (8:00 -17:00, T= 20ºC, Photon 291 Flux Density = ~150 μmol m -2 s -1 , RH= 70%). After 7 days, seedlings were transplanted 292 individually into single pots (70ml) that were filled with the similar potting soil (Primasta).
293
Plants continued growing under identical short day conditions and were watered automatically to 294 field capacity. Per genotype, homogeneous groups of 10-leaf-stage plants were selected and 295 randomized over treatment groups for phenotypic and molecular analysis under various 296 treatments. Plants used for these experiments were transferred back to the same conditions after 297 treatments to recover for 7 days.
298
Growth conditions seedlings: Seeds were vapor sterilized by incubation with a beaker containing 299 a mixture of 50 ml bleach and 3 ml of fuming HCl in a gas tight desiccator jar for 3 to 4 hours.
Seeds were then individually transplanted in (2 or 3) rows of 23 seeds on sterile square petri conditions for recovery. After 3-4 days of recovery, seedling root tips were scored as either alive 363 or dead based on clear root tip re-growth beyond the line on the back of the agar plate. Primary 364 root tip survival was calculated as the percentage of seedlings that showed root tip re-growth out 365 of a row of (maximally) 23 seedlings. Root tip survival was expressed as relative survival 366 compared to control plates that received similar pre-treatments but no hypoxia. For Solanum 367 lycopersicum (Tomato, Moneymaker), Solanum dulcarama and Arabidopsis lyrata methods 368 were similar as described above, but seedlings were 7 days old. For Hordeum vulgare (Barley, consisting of 3 seedlings). Experiments were replicated at least 2 times, except for a, which was 708 only performed once. Table S1 . 809 List of genotyping primers used in this study. Table S2 . 813 List of RT-qPCR primers used in this study.
815
Target gene AT code Primer name Oligo sequence 5' → 3' 
